The effects of the addition of Ca and Ce to the AT42(Mg-4Al-2Sn) alloy on the microstructural modification and deformation, as well as the fracture mechanisms of squeeze cast magnesium alloys, were investigated in this study. Microstructural analyses indicated that the AT42 alloy contained Mg 17 Al 12 and Mg 2 Sn particles precipitated along cell boundaries, whereas long, needle-shaped CaMgSn particles were precipitated additionally in the AT42-0.5Ca and AT42-1Ca alloys. In the AT42-1Ca-0.5Ce and AT42-1Ca-1Ce alloys containing Al 11 Ce 3 particles as well as Mg 17 Al 12 , Mg 2 Sn, and CaMgSn particles, the overall distribution of precipitates was homogeneously modified considerably as the solidification cell size was refined. According to the observation of deformation and the fracture processes of the AT42-1Ca alloys, the fracture proceeded mainly along cracked, needle-shaped CaMgSn particles at a relatively low stressintensity factor level. However, in the AT42-1Ca-1Ce alloys, the deformation and fracture proceeded into cells rather than into cell boundaries as twins were developed actively inside cells, although few microcracks were initiated at the precipitates. Thus, the AT42-1Ca-1Ce alloy had the highest strength, ductility, and fracture toughness simultaneously because of the increase in the volume fraction of hard precipitates and the development of many twins in the Mg matrix.
I. INTRODUCTION
MAGNESIUM alloys can deal with regulations of energy conservation and environmental pollution as the lightest conventional structural alloys because their density is 1.74 g/cm 3 . [1] [2] [3] The problems that remain to be solved include their wide applications, which include the lower strength, ductility, fracture toughness, and corrosion resistance than other lightweight alloys. [4, 5] To complement these disadvantages, many studies on improving high-temperature and corrosion properties by adding Mn, Zr, Ca, and rare earth metals have been conducted actively. [6] [7] [8] [9] [10] [11] [12] In addition, the microstructural modification such as grain refinement and the enlargement of solid solubility of alloying elements have been made by rapid solidification processes. [13] [14] [15] [16] The mechanical and fracture properties of the magnesium alloys have been enhanced by improving the alloy compositions and by optimizing the process parameters. [17] [18] [19] [20] [21] Conventional Mg-Al alloys, such as the AZ91(Mg-9Al-Zn) and AM60(Mg-6Al-Mn) alloys, have excellent strength and cost effectiveness because of the formation of the Mg 17 Al 12 particle during solidification. However, they show lower strength, fracture toughness, and high-temperature properties than conventional aluminum alloys, which results in limitations in replacing the aluminum alloy components used at high temperatures. [22] [23] [24] [25] [26] The Mg 17 Al 12 phases contained in the Mg-Al alloys often deteriorate high-temperature properties because they are not thermally stable, but the addition of Al into Mg alloys is inevitable because Al improves the castability. Thus, the addition of other new elements, which can form thermally stable and strong phases or compounds while preventing or minimizing the formation of Mg 17 Al 12 phases, is needed so that the Mg-Al alloys may be applied to automotive powertrain components.
Recently, Kim et al. [27] investigated the effects of the addition of Sn on the microstructural modification and tensile properties in Sn-added AZ51(Mg-5Al-Zn) alloys, in which the Mg 2 Sn particles were precipitated along solidification cell boundaries, together with the Mg 17 Al 12 particles. In the AZ51-3Sn alloy, the deformation and fracture proceeded into the cells rather than into the cell boundaries as the twins were developed actively inside cells, whereas a few microcracks were initiated at the Mg 17 Al 12 or the Mg 2 Sn particles, thereby leading to the improvement in both the tensile and the fracture properties. However, this improvement is not sufficient for the application to the automotive powertrain components that require excellent high-temperature mechanical properties. In the current study, therefore, the effects of the addition of Ca and Ce to the AT42(Mg-4Al-2Sn) alloy on the microstructural modification and improvement of mechanical and fracture properties were investigated because Ca and Ce are effective in the precipitation of the CaMgSn and Al 11 Ce 3 particles, respectively, which are stable at high temperatures. [28, 29] For this purpose, master alloys were made by adding Ca and Ce to the AT42 alloy, and then four kinds of magnesium alloys were fabricated by the squeeze casting process. Generally, squeeze casting results in the microstructural refinement and the alleviation of casting defects because of the rapid heat transfer and the squeezing pressure effect when the liquid metal is poured into a die and solidified under a high pressure. Because it produces more densified products and can be adapted readily to conventional die casting devices, it has been considered as a practically effective process. [30, 31] The microstructures of the alloys containing various precipitates were analyzed carefully, and the mechanisms related with improvement of strength, ductility, and fracture toughness according to the Ca and Ce addition were examined by direct observation of the deformation and fracture processes using an in situ loading stage installed inside a scanning electron microscope (SEM) chamber. The results were then compared with those of the base AT42 alloy where Ca and Ce were not added.
II. EXPERIMENTAL

A. Squeeze Cast Magnesium Alloys
The alloys used in the current study were made by adding Ca and Ce to the base alloy of AT42 (Mg-4Al-2Sn) alloy, and their chemical compositions are shown in Table I .
Master alloys were made by melting high-purity grains of Mg and Sn, together with Ca and Ce of 0.5 to 1.0 wt pct, under an SF 6 +CO 2 gas atmosphere using an induction-melting furnace. The alloys were remelted to fabricate cast ingots (size: 43 mm 9 90 mm 9 45 mm) by squeeze casting. A squeeze casting apparatus was composed of a squeezing plunger and a die-base mold attached to a hydraulic press of 100-ton capacity. The die was heated up to approximately 573 K (300°C), and a small amount of sulfur and flux was added to the melted alloy to prevent it from oxidization and explosion. The melted alloy was poured into the die at 973 K (700°C), and it was pressed for 1 minute under a pressure of 70 MPa.
B. Microstructural Analysis and Tensile Test
The alloys were polished, etched by a 3 pct nital solution, and observed by an optical microscope and an SEM (model JSM-6330F; JEOL Ltd., Tokyo, Japan). The phases present in the alloys were analyzed by the Xray diffraction (XRD) and energy-dispersive spectroscopy (EDS), and their size and volume fraction were measured by an image analyzer. The overall bulk hardness was measured by a Vickers hardness tester under a 300-g load.
Tensile specimens were obtained from the 1/2 thickness location of the squeeze cast ingots. The plate-type tensile specimens with a gage width of 2 mm, a gage thickness of 2 mm, and a gage length of 13.2 mm were tested in the temperature range of 298 K to 473 K (25°C to 200°C) at a strain rate of 2 9 10 À4 /s by a universal testing machine of 100 kN capacity (model: 5582; Instron Corporation, Norwood, MA).
C. In Situ SEM Fracture Test
A compact tension (CT) type loading stage was installed inside an SEM, on which a thin, CT specimen with a thickness (grooved section) of 0.5 mm was placed to conduct the in situ SEM fracture test (Figures 1(a) and (b)). [32] A fatigue crack should be introduced into the CT specimen for accurate measurements of the fracture toughness, but a sharp notch with a radius of 30 to 40 lm was inserted by an electric discharge machine instead, considering the difficulty to introduce a fatigue crack because of the brittle nature of the magnesium alloys. It is known from the relationship between the notch tip radius and the fracture toughness in ultrahighstrength steels and metal matrix composites that the notch fracture toughness is somewhat smaller than or close to the fracture toughness K Ic when the sharp notch tip radius is tens of micrometers. [33] Thus, it can be expected in the magnesium alloys that the notch fracture toughness measured from the CT specimen with the small notch tip radius would be close to K Ic . The load applied to the specimen was measured continuously by a small-scale load cell (maximum load: 50 kg) installed in the stage. As the load was applied while observing and photographing the specimen surface displayed on an SEM screen, a crack was initiated and propagated at the notch tip at a certain stress-intensity factor level. The stress-intensity factor was measured at the photographing time of each SEM micrograph, and the stressintensity factor at the initiation of the crack growth was determined to be the apparent fracture toughness. The fracture surface was observed by an SEM after the test.
III. RESULTS
A. Microstructure
Figures 2(a) through (e) and 3(a) through (e) are optical and SEM micrographs, respectively, of the squeeze cast magnesium alloys. In all the alloys, the solidification cell structures formed between dendritic arms, which are typically observed in as-cast magnesium In the AT42-1Ca-0.5Ce alloy, the solidification cell size is smaller than that of the AT42-1Ca alloy, whereas the size and volume fraction of intracellular needle-shaped particles are also smaller ( Figure 2(d) ). In the SEM micrograph of Figure 3 (d), a few needle-shaped particles are observed inside the cells, and another type of whitecolored needle-shaped particles is formed. The AT42-1Ca-1Ce alloy has a more refined microstructure than the AT42-1Ca-0.5Ce alloy (Figure 2 (e)). The volume fraction of needle-shaped particles is higher in the AT42-1Ca-1Ce alloy than in the AT42-1Ca-0.5Ce alloy, whereas their size is smaller ( Figure 3 (e)). Figure 5 shows the XRD analysis data of the cast magnesium alloys. Sharp peaks of a-Mg, Mg 17 Al 12 , and Mg 2 Sn are observed in the AT42 alloy, and the peaks of CaMgSn are observed additionally in the AT42-0.5Ca and AT42-1Ca alloys. In the AT42-1Ca-0.5Ce and AT42-1Ca-1Ce alloys, peaks of Al 11 The quantitative analysis data of the volume fraction of Mg 17 Al 12 , Mg 2 Sn, CaMgSn, and Al 11 Ce 3 particles, together with the solidification cell size, are shown in Table II .
The volume fractions of the Mg 17 Al 12 and Mg 2 Sn particles in the AT42 alloy are 3.3 pct and 2.6 pct, respectively. In the AT42-0.5Ca and AT42-1Ca alloys, the fraction of Mg 2 Sn particles is much lower than that of the AT42 alloy, whereas the fraction of Mg 17 Al 12 particles remains constant, and approximately 4 vol pct of CaMgSn particles is additionally formed. When the AT42-1Ca-0.5Ce and AT42-1Ca-1Ce alloys are compared with the AT42-0.5Ca and AT42-1Ca alloys, the fractions of the Mg 17 Al 12 and Mg 2 Sn particles are reduced, and the fraction of the CaMgSn particles is increased slightly, whereas 0.9 to 1.5 vol pct of the Al 11 Ce 3 particles is precipitated additionally. As the content of Ca increases, the volume fraction of total precipitated particles increases, whereas it is not varied much with adding the Ce content. Table III shows the overall bulk hardness of the magnesium alloys.
B. Hardness and Tensile Properties
The hardness increases with the increasing content of alloying elements because of the increased volume fraction of the total precipitates and the decreased solidification cell size.
The room-and high-temperature tensile test results are shown in Table III room-temperature yield strength increases with the increasing content of alloying elements of Ca and Ce, whereas the tensile strength is the lowest in the AT42-1Ca alloy. The elongation is also the lowest in the AT42-1Ca alloy. Considering both strength and elongation, the AT42-1Ca-1Ce alloy has the best tensile properties, whereas the AT42-1Ca alloy has the worst. As the test temperature increases, the strength decreases but the elongation increases. The high-temperature tensile properties are best in the AT42-1Ca-1Ce alloy and are worst in the AT42-1Ca alloy. Because the precipitate particles are relatively stable at high temperatures, the decrease in strength is not large.
C. Observation of Deformation and Fracture Processes
Figures 7(a) through (e) provide a series of SEM micrographsshowingthedeformationandfractureprocessesnear anotchtipoftheAT42alloy.Whentheloadisappliedtothe alloy containing the Mg 17 Al 12 and Mg 2 Sn particles mainly along the solidification cell boundaries (stress intensity factor, K I = 11.3 MPaÖm), both fine and parallel lines are observed in the Mg matrix near the notch tip (Figure 7(a) ). These twins arise from the three slip systems of magnesium alloyswithahexagonalclose-packed(HCP)structure. They are formed in a certain orientation depending on the solidificationcellsandoftenareconnectedtotheneighboring cells. When the load increases (K I = 11.7 MPaÖm), the twin areas are expanded (Figure 7(b) ). With the increased stress-intensity factor (K I = 15.5 MPaÖm), a crack initiatesatthenotchtipandconnectswithadeepenedtwintoform a long crack (Figure 7 shaped particles mostly formed inside the solidification cells, as indicated by the arrows in Figure 8 (a). As a relatively small load is applied (K I = 9.2 MPaÖm), a crack initiates at the notch tip, and the needle-shaped CaMgSn particles located near the notch tip are broken to initiate microcracks, whereas other particles such as The room-temperature yield strength increases with the increasing content of the alloying elements of Ca and Ce, whereas the tensile strength is lowest in the AT42-1Ca alloy. As the test temperature increases, the strength decreases but the elongation increases.
Mg 17 Al 12 and Mg 2 Sn are not cracked (Figure 8(b) ). Few twins are formed in the Mg matrix. Under the higher stress-intensity factor (K I = 10.9 MPaÖm), the main crack connects with microcracks to form a long crack (Figure 8(c) ). Twins are developed near the crack tip area, but the twin formation does not seem to be active. Several CaMgSn particles distant from the crack tip are cracked to form microcracks. The crack propagation path is shown in Figure 8 (d) (K I = 11.3 MPaÖm). It shows the relatively linear propagation path because the main crack propagates mostly along the cracked CaMgSn particles. The deformation and fracture processes of the AT42-1Ca-1Ce alloy are different from those of the AT42-1Ca alloy. The AT42-1Ca-1Ce alloy contains various precipitates such as CaMgSn Mg 17 Al 12 , Mg 2 Sn, and Al 11 Ce 3 particles as indicated by the arrows in Figure 9 (a). Once the load is applied (K I = 20.7 MPaÖm), the twins are formed in the Mg matrix near the notch tip area, whereas a few needle-shaped particles are cracked (Figure 9(b) ). When the stress-intensity factor increases to K I = 20.8 MPaÖm, a crack initiates at the notch tip along a deepened twin, and the twin-forming areas are expanded (Figure 9(c) ). Under the higher stress-intensity factor (K I = 21.0 MPaÖm), the main crack grows to form a long crack and is blunted when it meets with the Mg matrix (Figure 9(d) ). In the area distant from the main crack tip, the formation of several twins is observed as marked by the arrows. At a stress-intensity factor of 21.5 MPaÖm, the main crack is more blunted, and then its propagation path is deviated largely from the previous path of the main crack as it connects with the crack formed at the already deepened twins (Figure 9(e) ). In front of the blunted main crack, many twins are formed, whereas the precipitate particles are hardly cracked. The final crack propagation path is shown in Figure 9 (f) (K I = 21.6 MPaÖm). The overall crack propagation path has a curved zigzag pattern, and many twins are formed near the main crack.
Figures 10(a) through (f) show SEM fractographs of the fractured CT specimens. As observed in the deformation and fracture processes of Figures 7 through 8 , the fracture modes of the alloys are somewhat different for each alloy. In the AT42 alloy, because the fracture occurs in a mixed mode of the intracellular fracture inside the Mg matrix and the cracking of Mg 17 Al 12 and Mg 2 Sn particles, a ductile, dimpled mode is mainly observed (Figure 10(a) ). According to a high-magnification SEM micrograph (Figure 10(b) ), the cracked Mg 2 Sn particles are observed as indicated by an arrow. Figure 10(c) is a fractograph of the AT42-1Ca alloy, and it shows that the quasi-cleavage is the main mode, which is confirmed by the deformation and fracture observation results of Figures 8(a) through (d) . Here, several CaMgSn particles are readily broken as they are needle shaped (Figure 10(d) ). The fracture surface of the AT42-1Ca-1Ce alloy consists mainly of the ductile dimpled fracture, together with a small amount of quasi-cleavage fracture mode formed by the cracked precipitates ( Figure 10(e) ). A few cracked CaMgSn particles are found on the fracture surface (Figure 10(f) ).
D. Apparent Fracture Toughness
The apparent fracture toughness was measured during the course of the in situ fracture test, and the results are shown in Table III . Because thin CT specimens were used in measuring the fracture toughness, the toughness values do not satisfy the plane strain condition. In the magnesium alloys, however, the fracture toughness measured under the plane stress condition does not deviate much from that measured under the plane strain condition. [34] Also, the fracture toughness measured from the specimen with a sharp notch is almost the same as that with a fatigued precrack. [18] Thus, the values obtained from this method can be used to evaluate the fracture toughness reliably on a comparative basis. The apparent fracture toughness is obtained from the stress-intensity factor measured at the point of the crack initiation in front of the notch tip. It is 9.2 MPaÖm in the AT42-1Ca alloy and increases in the order of the AT42 and AT42-1Ca-1Ce alloys. 
IV. DISCUSSION
The deformation and fracture mechanisms of the squeeze cast AT42 alloys with the added alloying elements of Ca and Ce were investigated to determine the effects of various microstructural factors such as the size, volume fraction, and distribution of the intercellular Mg 17 Al 12 , Mg 2 Sn, and Al 11 Ce 3 particles and the intracellular CaMgSn particles, as well as the twins formed inside the Mg matrix.
According to the in situ fracture observations of the AT42 alloy, a considerable amount of twins is formed initially in front of the notch tip, and the twin areas are expanded as can be observed in Figures 7(a) and (b) . Inside these twin areas, the Mg 17 Al 12 and Mg 2 Sn particles are cracked to form microcracks (Figure 7(c) ). However, because cell boundaries are not much populated with these precipitates, the main crack propagates predominantly into cells instead of into cell boundaries, and a considerable amount of plastic deformation is accompanied by the formation of twins. The effects of intercellular precipitates on fracture processes are not large, and thus, other microstructural parameters should be considered.
In the AT42-1Ca alloy, the CaMgSn particles as well as the Mg 17 Al 12 and Mg 2 Sn particles are precipitated as shown in Figure 8(a) , and thus, the volume fraction of the total precipitates increases considerably (Table II) . This increase in the total precipitates results in the increase in yield strength and the decrease in ductility. Because the CaMgSn particles are precipitated coarsely inside the cells in a needle shape, they work as brittle fracture-initiation sites deteriorating fracture toughness and ductility. Microcracks are initiated here at a relatively low stress-intensity factor level and are connected readily to the crack initiated at the notch tip (Figures 8(b) and (c) ). This is because few twins are formed and because the fracture proceeds mainly along the cracked, needle-shaped CaMgSn particles. This observation helps the explanation of the lowest fracture toughness and ductility in the AT42-1Ca alloy, together with the lowest ductility.
When the AT42-1Ca-1Ce alloy is compared with the AT42-1Ca alloy, both the strength and elongation are higher in the AT42-1Ca-1Ce alloy (Table III) . The AT42-1Ca-1Ce alloy contains Mg 17 Al 12 , Mg 2 Sn, CaMgSn, and Al 11 Ce 3 particles in the Mg matrix, but the volume fraction of total precipitates is similar to that of the AT42-1Ca alloy. Thus, similar strength and elongation are expected in the AT42-1Ca-1Ce alloy, but higher strength and elongation result. Although these results can be explained easily by the refined solidification cell size in the AT42-1Ca-1Ce alloy (Table II) , the difference in the deformation and fracture behavior needs to be investigated in detail.
According to the in situ fracture observations of the AT42-1Ca-1Ce alloy, a considerable amount of twins is formed initially in front of the notch tip, whereas few precipitate particles are cracked (Figures 9(b) and (c)). It is interesting to note that needle-shaped CaMgSn particles are hardly cracked in this alloy, unlike in the AT42-1Ca alloy. The microstructure of the AT42-1Ca-1Ce alloy is considerably refined as the overall solidification cell size is decreased (Figures 2(e) and 3(e) ), and the long, needle-shaped CaMgSn particles present in the AT42-1Ca alloy are refined as they are shortened and thickened. These shortened and thickened CaMgSn particles no longer act as crack-initiation sites, although they retain the needle shape. In addition, refined solidification cells modify the overall distribution of precipitates. As most precipitates are dispersed homogeneously, intercellular and intracellular precipitates are not differentiated easily. This refined microstructure is deformed homogeneously as twins are well developed in wide areas, whereas only a few needle-shaped particles are cracked to form microcracks (Figures 9(d) and (e) ). The homogenous deformation leads to the improvement in the fracture toughness and ductility as well as strength in the AT42-1Ca-1Ce alloy (Table III) .
The difference in the deformation and fracture behavior in the AT42, AT42-1Ca, and AT42-1Ca-1Ce alloys is associated mainly with the volume fraction of the total precipitates and their shape and distribution. Rao et al. [28] reported that the addition of Ca into Mg-Sn alloys resulted in the precipitation of CaMgSn, which was stable at high temperatures. The CaMgSn particles are needle shaped, but their shape can be modified by adding Ce. [9] In the Ce-added Mg alloys, Ce has low solubility in the Mg matrix, and a considerable amount of it is contained at interfaces between liquid and solid phases, which can prevent reactions of the solutes of Ca, Mg, and Sn. Ce reacts also with Al to form Al 11 Ce 3 particles, which have a high melting temperature [1508 K (1235°C]), and to reduce the formation of Mg 17 Al 12 . [29, 35] The addition of Ce also improves the high-temperature properties in the Mg alloys by forming thermally stable Al 11 Ce 3 particles, and it refines the solidification cell structure to improve the distribution of precipitates. [29] In the current magnesium alloys, it is natural that the volume fraction of the hard particles precipitated in the Mg matrix increases with the increasing content of alloying elements, which leads to the increased strength and the decreased ductility or fracture toughness. As shown in Figure 6 (a), the yield strength increases continuously with the increasing volume fraction of the total precipitates (increasing content of alloying elements). However, the simultaneous improvement of strength, ductility, and fracture toughness in the AT42-1Ca-1Ce alloy is associated with the homogeneous distribution of precipitates and consequent homogeneous deformation behavior.
Because Mg alloys have an HCP structure, twins are formed easily by limited slip systems. As the twins are developed like this, the deformation is concentrated on them, and the twins are deepened, which can lead to the cracking or fracture. When the twins are well formed in broad areas, heavier loads are required for fracture than in the case of fracture along cracked precipitates, thereby yielding an overall improvement of the mechanical properties such as the ductility and fracture toughness. Although the Mg 17 Al 12 , Mg 2 Sn, CaMgSn, and Al 11 Ce 3 particles do exist at cell boundaries and inside cells in the AT42-1Ca-1Ce alloy (Figures 2(e) and 3(e) ), they are distributed homogeneously in the matrix as the solidification cell size is reduced considerably. Both deformation and fracture occur mainly in the interior of cells rather than at the cell boundaries because of the active initiation and growth of twins formed within cells (Mg matrix). A few particles are cracked to form microcracks, but they hardly affect the fracture process because the microcracks are distant to each other and their growth is blocked by the ductile Mg matrix.
Because the in situ fracture test is a good method to observe the effects of microstructural factors directly, such as the precipitate particles and twins on the deformation and fracture behavior, it can be used effectively to analyze the mechanical properties of the magnesium alloys. The current study confirms the enhanced tensile and fracture properties of the AT42-1Ca-1Ce alloy over the AT42 and AT42-1Ca alloys according to the in situ fracture test. This is explained by the mechanisms of the development of twins in the Mg matrix, the blocking of crack growth, and the crack blunting. The AT42-1Ca-1Ce alloy has the highest strength as a result of the increase in volume fraction of hard precipitates, and it has the best ductility and fracture properties because of the development of twins in the Mg matrix. This improvement of the tensile and fracture properties opens new possibilities for proper applications to structural materials that require excellent mechanical properties because the addition of Ca and Ce is effective for the microstructural modification and property improvement. However, the twins formed during the process of deformation and fracture as well as their effect on the crack propagation have not been studied sufficiently, thereby requiring subsequent research. Efforts are also needed to establish appropriate processing variables, to analyze microstructural factors in association with deformation and fracture mechanisms, and to design the matrix alloy composition, in consideration of economic issues.
V. CONCLUSIONS
The effects of the addition of Ca and Ce to the AT42 magnesium alloy on the microstructural modification and deformation and fracture mechanisms were investigated to develop magnesium alloys with improved tensile and fracture properties.
1. The squeeze cast magnesium alloys consisted of the solidification cell structures well developed between dendritic arms. The AT42 alloy contained the Mg 17 Al 12 and Mg 2 Sn particles that precipitated along the cell boundaries, whereas the long, needleshaped CaMgSn particles were precipitated additionally in the AT42-0.5Ca and AT42-1Ca alloys.
In the AT42-1Ca-0.5Ce and AT42-1Ca-1Ce alloys containing the Al 11 Ce 3 particles as well as the Mg 17 Al 12 , Mg 2 Sn, and CaMgSn particles, the overall distribution of precipitates was modified considerably as the solidification cell size was refined. The volume fraction of the total precipitates tended to increase with the increasing content of Ca and Ce. 2. The yield strength increases with the increasing content of Ca and Ce, whereas the tensile strength and elongation were highest in the AT42-1Ca-1Ce alloy and lowest in the AT42-1Ca alloy. As the test temperature increased, the strength increased but the elongation decreased. The high-temperature tensile properties were best in the AT42-1Ca-1Ce alloy because the precipitated Al 11 Ce 3 and CaMgSn particles were stable at high temperatures. 3. According to an observation of the deformation and fracture processes of the AT42 and AT42-1Ca-1Ce alloys, the deformation and fracture proceeded into cells rather than into cell boundaries as the twins were actively developed inside cells, although some microcracks were initiated at the precipitates. In the AT42-1Ca alloy, the fracture proceeded mainly along the cracked, needle-shaped CaMgSn particles at a relatively low stress-intensity factor level, whereas a few twins were formed. 4. In the Ce-added Mg alloys, Ce reacted with Al to form thermally stable Al 11 Ce 3 particles, which decreased the formation of the Mg 17 Al 12 particles, refined the solidification cell structure to improve the distribution of precipitates, and modified the shape of the long, needle-shaped CaMgSn particles. Thus, the AT42-1Ca-1Ce alloy had the highest strength because of the increase in the volume fraction of the hard total precipitates, as well as the best ductility and apparent fracture toughness because of the development of many twins in the Mg matrix.
